Delay in deoxyribonucleic acid (DNA) synthesis after use of ultraviolet radiation to induce Escherichia c01,i lysogenic for phage h was due to the irradiation procedure ; the same delay was found in non-lysogenic bacteria exposed to the same dose of radiation. After infection with phage A, or A, in 0.02 M-MgSO,, DNA synthesis began without delay when complete medium was added. During vegetative development of phage in induced bacteria, 81-89 yo of the DNA synthesized was accounted for in the phage progeny, indicating that host DNA synthesis is much diminished and may be completely inhibited. Mature phage particles arose soon after the appearance of serum blocking power (SBP) and endolysin activity. Induced bacteria synthesized up to 15 times more SBP than was incorporated into complete phage particles: the excess SBP was not sedimented at 40,OOOg (unlike phage particles), but about half was sedimented a t 9O,OOOg, the rest remaining in the supernatant fluid. Whilst protein and RNA synthesis in infected or induced bacteria was initially similar to that in the control, there was a marked decrease of synthesis in the second half of the latent period.
INTRODUCTION
The extent to which host-cell metabolism is affected by the vegetative development of bacteriophage has been studied almost exclusively in Escherichia coli infected with the T series of coliphages. Thus in bacteria infected with phage T, or T4, there are profound effects on the net synthesis of ribo-and deoxyribo-nucleic acids (Cohen, 1948) , and early in the latent period several new enzymes must be produced before the synthesis of specific phage components can take place (see Flaks, Lichtenstein & Cohen, 1959;  Bessman, 1960) . Analogous studies of the events during the latent period in cells infected with temperate bacteriophage (i.e. bacteriophage which can exist in the lysogenic state) have until recently received comparatively little attention and most of the data concerned Bacillus megaterium (Siminovitch & Rapkine, 1952) . When B. megaterium lysogenic for phage 1 was induced by ultraviolet (u.v.) radiation, there was little change in the rate of synthesis of ribonucleic acid (RNA) and protein. On the other hand, no net synthesis of deoxyribonucleic acid (DNA) was detected during the first part of the latent period. Since after infection of E . coli with phage T, there is also a lag period before DNA synthesis is resumed (Cohen, 1948) , it was of interest to know whether the lag observed in the induced organisms was a direct effect of the onset of phage development, or only a secondary and indirect effect brought about by the irradiation Preparation of samples and the determination of protein, R N A and D N A . Samples of cultures were taken at the required times and 1 ml. used for the determination of growth (in terms of turbidity), whilst 6 ml. were rapidly mixed with 0-6 ml.
50 yo trichloroacetic acid (TCA). After standing overnight at 4" the precipitates were collected by centrifugation and washed once with 5 ml. 5 yo TCA. Each precipitate was then suspended in 2 ml. 5 yo TCA and heated at 90" for 30 min. in a water bath; double aluminium foil caps on the tubes prevented evaporation. After centrifugation the supernatant fluids were carefully removed and kept for the assay of RNA and DNA. Residues were dissolved in N-NaOH and 0-5 ml. samples were used for the assay of protein by the method of Lowry, Rosebrough, Farr & Randall (1951) . Each sample received 5 ml. of the reagent prepared from 50 ml. 2 % Na,CO, and 1 ml. 0-5 % CuSO, in 1 yo NaK tartrate, followed after 10 min. by 0-5 ml.
Folin-Ciocalteu reagent in N-HCl (British Drug Houses Ltd). After standing for 1 hr at 3 7 ' , the absorption of the blue colour was determined at 500 mp (blue photo cell). A standard protein solution was prepared from bovine plasma albumin fraction V (Armour Pharmaceutical Co. Ltd., Eastbourne) in N-NaOH. For the determination of RNA, a suitable sample of the hot TCA extract in a total volume of 1.5 ml. 5 yo TCA was mixed with 1-5 ml. of 0-5 yo FeC1, in concentrated HC1 and 0.15ml. 10% orcinol in absolute ethanol, and then heated at 100' for 30min. (Schneider, 1945) . After cooling, the absorption of the green colour was read at 660 mp (red photocell). D-Ribose (L. Light, Colnbrook, Bucks.) served as the standard, and results are expressed in terms of pg. apparent ribose. DNA was determined by the method of Burton (1956). Samples (1 ml.) of the hot TCA extract were each mixed with 0.2 ml. of 3 N-HC~O, and 1.2 ml. of Burton's acetaldehyde-Dische reagent. After overnight incubation at 37", the blue colour was read at 600 mp (blue photocell). 2-Deoxy-D-ribose (L. Light, Colnbrook, Bucks.) served as the standard and results are expressed in terms of pg. apparent deoxyribose. (The word 'apparent' is used because only the ribose and deoxyribose bound t o purine nucleotides reacts in these procedures).
Determination of D N A content of phage A22. The phage particles were collected as a pellet by centrifugation for 1 hr at 40,00Og, the supernatant fluid removed and the pellet extracted overnight with 2 yo tryptone solution. Insoluble material was removed (8000 g for 15 min.) and then the phage suspension centrifuged at 105,000 g for 1 hr. After removing the supernatant fluid as completely as possible, the pellets were extracted overnight with 0.05 M phosphate buffer (pH 7) containing 0-01 MMgSO, and insoluble material removed (8000 g for 15 min.). The supernatant fluid was assayed for phage particles and 1 and 2 ml. samples used for the determination of DNA. The purified phage preparation contained 3.8 x 1011 particleslml. (from mean of four plates; standard deviation 5 0.2 x 1011) and 8.14 pg. apparent deoxyriboselml. (from mean of 3 determinations; standard deviation & 0.41), giving
2-14 x
Assay of serum blocking power (SBP). The methods used were based on those of DeMars (1955) and Jacob & Wollman (1956) . Samples of the cultures were stored in ice until they were placed in the ultrasonic generator (2 min. exposure in a 1 kW. Mullard generator). The disintegrated suspensions were stored at 0" until required (usually overnight). Samples (0.2 ml.) containing the SBP material to be assayed were mixed with 0.8 ml. of 1.25 x dilution of phage antiserum (neutralization pg. apparent deoxyribose/particle of phage A,, . Assay of endolysin. The method used was based on that of Jacob & Fuerst (1958) . The lytic activity of the suspensions of bacteria disrupted by ultrasonic treatment was tested against bacterial suspensions prepared as follows. Cells of Escherichia coli
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were harvested from growing cultures ( 5 x lo8 organisms/ml.), washed once with distilled water and resuspended in 0.1 M ethylenediaminetetra-acetate (EDTA) at pH 8.3. After 5 min. at 37", the bacteria were collected by centrifugation, washed and suspended in distilled water. Such bacterial suspensions (optical density, E , = 1.0) could be kept a t 0" for 48 hr. Endolysin activity was determined by adding the sample (1.5 ml.) to 1.5 ml. of the washed bacterial suspension and the optical density read a t intervals at 610 mp (blue photocell). When endolysin is present, the optical density at first decreases linearly for a period, and then less rapidly to a plateau value, after which there is little or no further change with time. The rate of change in optical density (AElmin.) over the initial linear portion of the graph was taken as a measure of the amount of endolysin in the sample.
Determination of viable counts. The sample was diluted in 0.9 yo NaCl solution and then plated by the soft agar layer technique on to PB agar plates.
Measurement of turbidity. Measurements of optical density, E , were made at 610 mp (blue photocell).
Spectrophotometry. All measurements were made in a Unicam spectrophotometer Model SP 600 with 1 cm. glass cells.
Experimental procedure. Large-scale cultures were grown in conical flasks (150 ml. medium TB/l 1. flask) shaken in a water bath at 37". Cultures were normally harvested when they reached 5 x 1 0 * bacteria/ml. When the bacteria were to be u.v.-irradiated, they were collected by centrifugation and resuspended a t an optical density of about 0.6 in 0.9 yo NaCl solution containing 0.1 vol. of medium PB or TB (i.e. about 6 x lo8 bacteria/ml.). The suspension was divided into two parts; one was irradiated and the other kept as the control. Within about 2 min. of irradiation, 100 ml. of each suspension were placed in a 1 1. flask, 20 ml. 10 yo tryptone a t 65" added (to bring the culture to 37" quickly), and then shaken in a water bath a t 37".
For infection with phage Ag, or hgv in the growth medium, cultures were grown to 5 x 108 bacteria/ml., MgSO, added to a final concentration of 0.02 M, and then infected with a high-titre phage stock (multiplicity 10 particles/bacterium). For infection in the absence of growth medium, the culture was centrifuged and resuspended in 0-02 M-M~SO,; a small volume of high-titre phage suspension was then added, and after 15 min. a t 37" the bacteria were collected by centrifugation and resuspended in warm 2 yo tryptone medium.
All percentages of solutes are w/v and all incubations were done at 37" unless otherwise stated. 
Eflect of iqaduction. of Escherichia coli lysogenic for
wild-type phage A,, When the induced bacteria were incubated in complete medium, the ti 417 rbidity of the culture increased for about 70 min. (phase of residual growth) and then lysis began (Fig. 1) . Although for the first few minutes the rates of protein and RNA synthesis were the same in the induced and control (unirradiated) bacteria, the rates in the induced culture eventually became slower than in the control culture (Fig. 2) . I n the induced bacteria, the net synthesis of DNA was completely inhibited during the first 30 min. of the latent period (Figs. 1, 2 ). After this lag, synthesis was resumed and eventually became faster than in the unirradiated bacteria (Fig. 1) . Similar experiments were done with the non-lysogenic parent strain. By comparing Figs. 2 and 3 it can be seen that the changes in DNA, RNA and protein synthesis which occurred in the induced bacteria were similar to the changes produced in the non-lysogenic bacteria by the same dose of radiation as used in the induction experiments. It was therefore concluded that the lag in DNA synthesis and the falling off in the synthesis of RNA and protein observed in the induced organisms were due to the effects of the irradiation on the general metabolic processes of the bacteria and were not a reflexion of events concerned with phage development. particle is known (see Methods, p. 415), the amount of DNA present in the phage progeny can be compared with the total amount of DNA synthesized in the culture. Experiments with induced bacteria (Table 1) showed that the DNA estimated to be present in the phage yield accounted for an appreciable part (between 81 and 89 yo) of the DNA synthesized after irradiation. Hence the synthesis of host DNA was at least very much decreased during the vegetative development of phage A; perhaps no synthesis took place at all and the excess DNA was phage DNA which had not been incorporated into complete phage particles (see similar experiments with phage T, by Hershey, 1953, and Hershey & Burgi, 1956) . One of the main difficulties in this type of experiment is to measure the phage yield. If this is done by assay of the bulk culture when lysis is complete then some of the phage particles will have been lost by adsorption to cell debris and unlysed bacteria and thus the estimate of the phage yield will be inaccurate. If to avoid this the practice of Ellis & Delbruck (1939) is followed and a sample of the culture is diluted several thousand times before lysis begins, the assumption has to be made that the phage yield/bacterium in the diluted culture is the same as in the bulk culture from which samples for the estimation of DNA are obtained. The figures in Table 1 , Expt. 1, show how great the difference was between phage yield as determined by direct assay of the bulk culture and the value obtained from the diluted culture. Bacteria were harvested from cultures in the log phase of growth, resuspended, irradiated and, after the addition of warm medium, incubated a t 37" (details as in Methods, p. 416). After 40 min., a sample was diluted ti x 1 0 6 times in tryptone broth (at 37") and also incubated with shaking. A sample of the diluted culture was immediately plated to determine the number of induced bacteria. After 120min. a sample of the diluted culture was incubated for a further 30 min. in TB +0.02 M-KCN (Doerman, 1952; Weigle & Delbruck, 1951) , and then assayed for phage particles. KCN+a drop of chloroform for 30 min. In Expt. 1, a t time 0 min. 5.9 x 108 bacteria/ml., and 93 % were induced: in Expt. 2,S-g x lo8 bacterialml. and 93% were induced: in Expt. 3, 6.7 x lo8 bacteria/ml., and 90 yo were induced. All results are expressed per 6 ml. of culture. DNA content of phage 2.14 x 10-l1 pg. apparent deoxyribose/particle (Methods, p. 415).
Total apparent deoxyribose (pg./6 ml. culture). At -0 min. 120 min.
(A) (B) (1) 
Efect of infection of Escherichia coli 9112 with phage A,,
Infection with phage A, , or A, , can be done in a medium which does not support growth, e.g. in 0.02 M-Mgso, alone, or in the growth medium itself supplemented with 0.02 M-M~SO,. The former conditions enable the majority (90 yo) of the bacteria to be infected, and, when they are subsequently transferred to the growth medium, phage development will begin in all the bacteria a t the same time. This procedure is preferred since, when organisms are infected in the growth medium, unless infection of the population as a whole is very rapid the events which occur in the infected bacteria will tend to be blurred by those in non-infected bacteria. After exposure to phage A,, in 0.02 M-M~SO,, 95 yo of the bacteria were infected, and there
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was little residual growth when they were placed in broth (though the non-infected bacteria grew without lag). One reflexion of this was the small amount of protein synthesis (Fig. 4a) . The synthesis of DNA occurred without delay in both infected and non-infected bacteria, but the rate of synthesis in infected bacteria was somewhat more rapid during the latter part of the latent period (Fig. 4.b) . In the experiment reported, no net synthesis of RNA was detected, although the amount of RNA in the control bacteria increased steadily (Fig. 4.b) . Lysis of the infected bacteria began at about 35 min. When bacteria in the log phase of growth were infected in the growth medium with phage hgc there was an appreciable amount of residual growth before lysis began after about 30 min (Fig. 5 a ) . Total protein synthesis in the infected bacteria was less than in the control bacteria (Fig. 5 a ) , and again there was no lag in the synthesis of DNA, the rate of synthesis of which during the latent period was greater than in the uninfected organisms (Fig. 5 b ) . The synthesis of RNA in the infected bacteria was much reduced (Fig. 5 b ) .
Eflect t$ iiqection of Escherichia coli 9112 with phage hgv As in the experiments with phage hg,, infection was brought about in 0.02 MMgSO, or in growth medium. When the former procedure was used, the rate of growth of the infected bacteria was less than that of the control bacteria, which grew without lag when resuspended in the tryptone medium (Fig. 6) . Phage Agv, like phage A, , , markedly decreased the synthesis of protein and RNA in the infected bacteria. There was no delay in the synthesis of DNL4 and, even though lysis of the culture began a t 30min., the amount of DNA present continued to increase for about 30 min. a t a faster rate than in the control culture, implying that the rate of synthesis in bacteria still unlysed was extremely high (Fig. 6) . When infection in the growth medium was studied, and DNA estimated a t 5 min. intervals, no lag in the synthesis of DNA was observed and the rate of synthesis was always greater than in the uninfected bacteria. S ynth.esis of phage-specijk proteins During the vegetative development of phage new proteins may be formed in the host organism. Some of these are enzymes concerned with the synthesis of specific phage components (e.g. the new DNA polymerase in Escherichia coli infected with phage T,; Aposhian 85 Kornberg, 1962), whilst others will be the phage components themselves (e.g. head protein, tail fibres). Specific methods are not yet available for identifying and assaying many of these phage proteins, but two may be studied, namely serum blocking power and endolysin. Serum blocking power (SBP) is the name given to antigenic material in the tail of a phage particle which combines with antibody in phage antiserum and as a result of this combination the phage can no longer adsorb to sensitive bacteria. Endolysin is the name given to a lytic enzyme, similar to lysozyme, which appears in bacteria during the vegetative development of phage and which is regarded as being the same as the lytic enzyme in the tails of mature phage particles.
The time course of the appearance of SBP and endolysin was determined after the induction of h phage development in Escherichia coli ~1 1 2 (A,J. Since only small amounts of these materials were to be expected in the early part of the latent period, 100 ml. samples of the induced culture were quickly cooled in an ice-salt mixture. The bacteria were then collected by centrifugation at Oo, suspended in 10 ml. of medium PB, and ultrasonically treated. The same disintegrated suspensions were tested for SBP, endolysin activity and plaque-forming units. The assay for plaque-forming units underestimates the number of mature phage particles present in the bacteria a t the time of sampling, since ultrasonic treatment has a lethal effect on some of the phage particles (ultrasonic treatment causes a decrease in the titre of a phage suspension). The experimental procedure was standardized as far as possible, and it was assumed that the proportion of phage which survived would be of the sarne order in each sample, and that the measured phage titres would reflect changes in the number of mature phage particles in the bacteria. bacterialml. : 92 yo were induced. Samples (100 ml.) were taken at intervals and quickly cooled. The bacteria were collected by centrifugation, suspended in 10 ml. PB and then subjected to 5 min. ultra sound. Each disintegrated sample was assayed for SBP, endolysin activity and plaque-forming units. Other samples were taken at intervals to determine turbidity and hence follow residual growth and lysis of induced culture. 1% small degree of spontaneous induction occurs naturally in a culture of Escherichia coli (A), and it is to be expected that the sample taken immediately after u.v.-irradiation would show small amounts of SBP, endolysin and mature phage particles ( Table 2 ). In the experiment reported, endolysin activity began to increase 25 min. after induction, whilst SBP and mature phage showed an increase 30 min. after induction. Since the method for the detection of endolysin is more sensitive than that for SBP, it is not possible to conclude unequivocally that endolysin formation precedes the production of SBP. However, it does seem that the first appearance of these proteins is followed within 5 min. by the formation of the first mature phage particles. I n this experiment, lysis began between 52 and 55 min. after incubation of the induced cultures began. In previous experiments (see Fig. l) , lysis normally began at about 60-65 min. The difference was probably due to the time taken to set up the larger amount of culture required in the present experiment. In later experiments the total amount of SBP in the final lysate of an induced culture (105 min. after induction) was as much as 15 times the number of plaque-forming units; that is to say the SBP antigen appears to be produced in great excess as compared with the number of mature phage particles which are eventually assembled. When the phage particles were removed from such a lysate by centrifuga-tion at 40,000 g for 90 min., a large part of the excess SPB remained in the supernatant fluid (Table 3) . However, after this first centrifugation, the recovery of phage particles and SPB was only about 5 0 % of that initially present. I n spite of all precautions, and the use of media which contained 0.001 yo gelatin and working a t 4", this result was consistently obtained in five experiments. Evidently high-speed centrifugation caused inactivation of some of the SBP and phage particles. Part of the losses of phage particles were probably due to aggregation of particles in the pellet and failure to disperse them completely when resuspended in fresh medium. Kaiser & Hogness (1960) encountered difficulties in the quantitative recovery of h phage from crude lysates. After the removal of the majority of the phage particles, the amount of SBP in the supernatant fluid was about 18 times greater than the number of phage particles detected by plaque counts. About a quarter of this SBP remained in the supernatant fluid after centrifugation at 96,000 g for 90 min., whilst about half was found in the pellet. The SBP remaining in the supernatant fluid probably represents molecules of antigenic phage material which was not incorporated into organized structures a t the time of lysis of the host bacteria, whilst the SBP in the pellet is probably composed of phage tails and/or fibres; compare the experiments of Franklin (1961) with lysates from E. coZi B infected with phage T,. 
DISCUSSION
In the experiments reported here, no lag was observed in the synthesis of DNA following infection of Escherichia coZi with phage hgc or hgv. Moreover, the lag in DN14 synthesis in induced bacteria was the same as in bacteria of the non-lysogenic parent strain which had received the same dose of U.V. radiation. This implies that the length of this lag was due to an effect of the irradiation on a process common to lysogenic and non-lysogenic bacteria. These results therefore contrast with those obtained with BaciZZus megaterium where, although there was a delay in DNA synthesis after induction of the lysogenic strain, there was no delay after U.V. with bacteria which had been infected with phage hgc in the presence of MgSO,: in such bacteria, net RNA synthesis was completely inhibited (Fig. 4 b ) . Much less extreme effects were observed with induced bacteria (Fig. 2) and bacteria infected in the growth medium with phage hgc (Fig. 5 b ) or in MgSO, with phage hg,; in these experiments RNA synthesis was similar to that in the control bacteria for the first third of the latent period and only later became slower so that, a t the commencement of lysis, total RNA was somewhat less than half that in the control cultures. The effect of phage development on net protein synthesis was similar to these effects on RNA synthesis, and, for example, became more noticeable in the latter half of the latent period in bacteria infected with phage hgc (Fig. 4 a ) , where the rate fell to about 30-40 yo of that in the control culture.
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